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Abstract 

Pancreatic ductal adenocarcinoma is an unsolved health problem with nearly 75% of patients diagnosed with advanced 
disease and an overall 5-year survival rate near 5%. Despite the strong link between mortality and malignancy, the 
mechanisms behind pancreatic cancer dissemination and metastasis are poorly understood. Correlative pathological and 
cell culture analyses suggest the chemokine receptor CXCR4 plays a biological role in pancreatic cancer progression. In vivo 
roles for the CXCR4 ligand CXCL12 in pancreatic cancer malignancy were investigated. CXCR4 and CXCR7 were consistently 
expressed in normal and cancerous pancreatic ductal epithelium, established cell lines, and patient-derived primary cancer 
cells. Relative to healthy exocrine ducts, CXCL12 expression was pathologically repressed in pancreatic cancer tissue 
specimens and patient-derived cell lines. To test the functional consequences of CXCL12 silencing, pancreatic cancer cell 
lines stably expressingthe chemokine were engineered. Consistent with a role for CXCL12 as a tumor suppressor, cells 
producing the chemokine wereincreasingly adherent and migration deficient in vitro and poorly metastatic in vivo, 
compared to control cells. Further, CXCL12 reintroduction significantly reduced tumor growth in vitro, with significantly 
smaller tumors in vivo, leading to a pronounced survival advantage in a preclinical model. Together, these data demonstrate 
a functional tumor suppressive role for the normal expression of CXCL12 in pancreatic ducts, regulating both tumor growth 
andcellulardissemination to metastatic sites. 
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Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is anunrelenting 
form of human cancer, with no effective technique for early 
diagnosis or treatment, and an incidence nearly equal to mortality 
[1,2]. Most patients, at the time of diagnosis, already have locally 
advanced or metastatic disease, making surgical resection of the 
primary tumor of limited therapeutic value [3]. Current pharma- 
ceutical therapies for PDAC are inadequate as the vast majority of 
pancreatic cancer patients die of micro- or macro-metastatic 
disease [4] . An improved understanding of the biologic mecha- 
nisms underlying the aggressiveness of PDAC is needed. Although 
recent studies have determined the molecular factors involved in 
the progression of PDAC [5-7] , little is known about the biologic 
mechanisms regulating cell motility and, in turn,metastasis. 
Chemotactic cytokines, or chemokines, play keyroles in cellular 
migration, and are capable of coordinating multiple aspects of the 
cell migration machinery. Through activation of their receptors, 
chemokinesregulate several facets of normal physiology, including 
leukocyte trafficking, epithelial cell migration necessary for wound 
closure, tissue vascularization, and organ development during 



embryogenesis [8-10]. Previously, our lab revealedthe importance 
of the dual expression of the chemokine CXCL12 and its cognate 
receptor CXCR4 in enterocyte migration, wound healing, and 
angiogenesis [11—16]. 

Several studies have implicated a role for chemokine receptors, 
in particular CXCR4 and CCR7, in cancer progression and 
metastasis [9,17-22]. CXCR4 expression has been linked with the 
malignancy of over 20different cancers [17,23]. We have 
previously demonstrated that CXCL12 is expressed in normal 
epithelial cells in intestine and mammary glands, but is epigenet- 
ically silenced in human breast and colorectal cancer [24,25] .This 
pattern of CXCL12 gene repressionresults in tumor cells whose 
chemokine - receptor profilesmirror that of highly mobile 
leukocytes, which express the receptors CXCR4 and CXCR7 
but not the ligand. We showed that re-expression of CXCL12 
decreased the ability of breast and colorectal cancer cells to 
metastasize [24— 26] .Several studies haveextended those seminal 
findings to show beneficial effects of autocrine CXCL 1 2 in breast, 
lung, gastric, and head and neck cancers [27-30]. Loss of 
CXCL12expression in osteosarcoma and breast cancer patient 
tumor specimenswas correlated with poorer prognosis [31-34]. In 
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Figure 1. Aberrant chemokine ligand and receptor expression in human pancreatic ductal adenocarcinoma. Serial sections of normal 
and diseased pancreatic tissue were stained for CXCL12, CXCR4, CXCR7, and CK19. CXCL12 staining apparent in normal exocrine ducts was 
diminished in PDAC tissue. CXCR4 staining increased in PanIN and PDAC relative to normal ductal epithelium. CXCR7 expression was variable in 
normal epithelium, PanIN lesions, and PDAC. (A)Normal tissue from a single patient with healthy pancreas represents observations from 25 different 
normal tissues from 21 individual patients. (B)PDAC tissue from one patient represents observations from 82 different tissues from 29 different 
patients. lOOOx magnification represents inset box at 200 x. (C) Staining was quantified by blinded scoring of serial sections in relation to CK19 
staining. (***) denotes PsO.001. 
doi:1 0.1 371 /journal.pone.0090400.g001 



pancreatic cancer, conflicting and incomplete reports suggest 
either that CXCL12 expression is elevated or that CXCL12 is not 
expressed in the vast majority of patients [35,36]. Thus while a 
growing body of evidence suggests a tumor-suppressive role for 
CXCL12 in human cancer malignancy, its mechanistic roles in 
PDAC remain poorly understood. 

The prevailing model of cancer metastasis is that malignant 
tumors spread to distant tissues through the over-expression of 
CXCR4 [22,37,38], thereby sensitizing malignant cells to spread 
in response to distant gradients of CXCL12 produced by 
metastatic destination organs. This model has also been used to 
explain PDAC metastasis, as several reports document the 
expression of CXCR4 by pancreatic carcinoma cell lines and 
human tissue [39 — 4-2] . However none of these studies have 
rigorously examined the parallel expression of CXCL12 or 
CXCR7 in the context of CXCR4 or defined expression of any 
of the three components of this chemokine axis in normal 
pancreatic epithelium. The objectives of our study were to 
determine the expression profile and functional role of the 
CXCL1 2-CXCR4-CXCR7 axis in both healthy normal and 
malignant pancreas. Herein, our data demonstrate that while 
receptor expression is increased,CXCL12 expression is signifi- 
cantly diminished in resected PDAC tissue and a battery 
ofpancreatic cancer cell lines compared to normal pancreata. 
CXCL12 expression was transiendy restored using inhibitors of 
epigenetic repression. Stable reintroduction of CXCL12 in PDAC 
cells prevented directed cell migration and hepatic metastasis and 



slowed tumor growthm vitro andz/z vivo, resulting in increased 
survival in preclinical models. 

Materials and Methods 

Ethics statement 

Exempt, de-identified normal pancreata, PDAC tissue speci- 
mens, and unique patient-derived PDAC cells were obtained from 
the Surgical Oncology Biorepository using a Medical College of 
Wisconsin (MCW) InstitutionalReview Board #4 approved 
protocol. Tissues and cells within the biobank were obtained from 
patients following signed written informed consent and are coded 
and de-identified, with personal identifying information not shared 
with research investigators. Preclinical mouse xenograft studies 
were completed using protocols and procedures documented in an 
established Animal Use Application(AUA076) approved by the 
MCW Institutional Animal Care and Use Committee and in 
compliance with guidelines established by Office of Laboratory 
Animal Welfare and in accordance with Guide for the Care and 
Use of LaboratoryAnimals. All mice were housed under pathogen- 
free conditions, received food and water ad libitum, and 
maintained in a lOhr: 14-hr light/dark cycle in a temperature- 
controlled room (25±2°C).Animals were euthanized at the 
completion of the study or following signs of distress or poor 
body condition as assessed by trained laboratory personnel and 
confirmed by MCW Biomedical Resource Center staff veterinar- 
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ians to ameliorate pain and distress associated with tumor 
formation. 

Human pancreatic cancer cell lines 

Pane 1(CRL- 1469), MiaPaCa2(CRL-1420), Capan2 (HTB-80), 
and HPAFII (CRL-1997) cell lines were purchased from the 
ATCC. Panel and MiaPaCa2 cell lines were maintained in 
DMEM supplemented with 10% (v/v) fetal bovine serum (FBS). 
The Capan2and HPAFII cell lines were maintained in 10% (v/v) 
FBS supplemented McCoy's 5Aor MEM medium, respectively. In 
some experiments, cells grown in normal medium were treated 
daily with 5-aza-2'-deoxycytidine (5-aza) or Trichostatin-A (EMD 
Biosciences). MiaPaCa2 cell lines were transfected with Firefly- 
luciferase under zeocin selection. Resultant luciferase-expressing 
MiaPaCa2 cells were subsequently transfected with plasmids 
encoding either eGFP or human CXCL12, and clones grown 
under neomycin selection conditions [26]. Cell lines were de- 
identified of all identification parameters from individual consent- 



ing patients with pancreatic cancer and were confirmed to be of 
PDAC origin following DNA karyotype and protein expression 
analysis. 

Human pancreatic tissuespecimens 

Normal ducts and PanIN lesions were isolated exclusively from 
adjacent normal tissue discards of organ transplantation or 
pancreatic operations not involving PDAC or other exocrine 
malignancies. Disease status of those normal and tumor tissueswas 
confirmed by a board-certified pathologist.A total of 25 tissues 
from 2 1 different patients were used for normal analyses. A total of 
82 tissues from 29 different patients were used for tumor analyses. 
Of the 29 patients providing PDAC tissue, 1 1 patients had 
received neo-adjuvant therapy. 

RT-PCR 

RNA was isolated from cells and tissue specimens using the 
RNAeasy kit (Qiagen) and treated with DNase (Ambion), 
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Figure 2. CXCL12 expression in normal pancreas is decreased in dysplastic epithelium. Representative 200 x images of the same (A) 
normal or (B) pancreatic ductal adenocarcinoma (PDAC) tissues shown at 1000x magnification in Figure 1. Representative serial section images of a 
pancreatic intestinal neoplasm (PanIN) lesion at (C) 200 x or (D) 1000x magnification. Serial tissue sections were immunostained with antibodies to 
CK19, CXCL12, CXCR4, and CXCR7, or the isotype controls, n = 25 different normal tissues from 21 individual patients, 82 different tissues from 29 
different PDAC patients, or 19 pathologically confirmed PanIN lesions. 
doi:1 0.1 371 /journal.pone.0090400.g002 
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converted to cDNA, and CXCL12, CXCR4, CXCR7, and 
GAPDH transcript expression analyzed as defined and previously 
optimized for efficiency in a linear range [24,43] .A region of the 
5 '-untranslated region of the mannose binding lectin gene was 
amplified to detect genomic DNA contaminants [12]. 

Immunoanalyses 

Unstained slides were generated from pancreatic tumor 
specimens and CXCL12 immunostained using an antibody from 
R&D Systems (mab350). Cytokeratin- 1 9 (CK19) (ab7754), 
CXCR4 (ab2074),CXCR7 (ab38089 & ab72100), and Ki-67 
(ab 15580) were detected using antibodies from Abeam. Visualiza- 
tion was done using horseradish-peroxidase-conjugated secondary 
antibodies and the 3,3'-diaminobenzidinePeroxidase Substrate 
Kit(Vector Labs). To avoid background interference slides were 
not counterstained. Protein expression levels were scored using a 
standard 4-point scale [0 = absent, 1 = weak, 2 = mixed, and 
3 = strong staining intensity] [44] . Analyses were independendy 
completed by an investigator blinded to the disease status and 
immunostaining protocol. Secreted CXCL12 protein from super- 
natant of pancreatic cancer cells cultured in serum-free media was 
detected by ourpreviously established sandwich ELISA method 
using antibodies from R&D Systems (monoclonal mouse and 
human GXCL12 (MAB350) and goat anti-human CXCL12 
(BAF310) [24] .Cell surface CXCR4 or CXCR7was detected 
using the aforementioned antibodies (Abeam) along withFITC- 
conjugated secondary antibodies using our previously established 
method [43]. Briefly, cells were cultured in normal growth 
medium, lifted using enzyme-free dissociation buffer, washed using 
ice-cold sterile PBS, and then incubated in a blocking solution 
containing BSA and secondary antibody serum. After blocking, 
cells were first incubated with primary antibody and then with 
FITC-conjugated secondary antibody. Finally, cells were fixed and 
analyzed by flow cytometry (LSR II, BD Biosciences). 

In vitro tumorigenesis assays 

Cells were plated to the upper well with chemo-attractants 
added to the bottom well and transwell migration or chemoinva- 
sion enumerated in a representative set of images taken after 
fluorescent staining as described previously [43,45]. The upper 
well membrane was coated with collagen in migration assays and 
with Matrigel (BD Biosciences) in invasion assays.Pancl and 
HPAFII cell migration was measured after 24 hour stimulation in 
transwells while MiaPaCa2 cell migration was measured after 
6 hours. 

Initial proliferation and apoptosis of PDAC cell lines was 
defined using the Viacount flow cytometric assay (Millipore),or the 
caspase-3/7 glo assay (Promega). Briefly, cells were plated in 10% 
(v/v) serum-containing medium, and once adherent (overnight) 
were switched to serum-free medium. Cell cycle analysis was done 
using propidium iodide staining and flow cytometric analysis, as 
done previously [43]. In some experiments cells were grown in 1 % 
(v/v) serum-containing media after 24 hours of serum starvation. - 
Gemcitabine (GEM), a well-established chemotherapeutic drug in 
pancreas cancer patients,was used as a positive control for 
decreased growth and increased apoptosis. 

In vivo studies and bioluminescence imaging 

An established heterotopic intrasplenic injection model [46]was 
usedto assess metastatic homing and extravasation in the liver. Six- 
week-old immunocompromised SCID mice were anesthetized and 
1 x 10 6 MiaPaCa21uciferasecells were injected into the spleen- 
through a lateral wall excision and tumor growth and metastasis 
monitored using bioluminescence imaging every 7 days using a 



previously described approach [26]. After 28 days, mice were 
sacrificed and tumor formation in the spleen and liver measured ex 
vivo using bioluminescence imaging. An orthotopic model was 
employed as previously established [47], with 1 xlO 6 cells injected 
into the pancreata of SCID mice and disease progression 
monitored. Mice were removed from the study when thetumor 
size reached 1000 mm" 1 volume and 1 xl0 9 p/sec/cm 2 /steradian- 
radiance.Three mice engrafted with CXCL12-expressing cells 
were removed for veterinary non-study reasons due to cage- 
infighting. 

Statistical analyses 

Multiple comparisons between groups were analyzed using a 
one-way ANOVA and a Dunnett post-hoc analysis used to identify 
pair-wise differences (GraphPad Prism 4). Paired analyses were 
calculated using either a Mann-Whitney or log-rank test where 
appropriate. Statistical significance was defined as i^O.05. 

Results 

Reciprocal CXCL12, CXCR4, and CXCR7 expression in 
pancreatic ductal adenocarcinoma 

The functions of CXCR4, CXCR7 or CXCL12 in pancreatic 
cancer progression remain based on limited analyses without 
simultaneous analysis of all three chemokine signaling components 
in both normal and diseased tissue. Immunostaining of serial tissue 
sectionswith specific antibodies,revealedrobust CXCL12 staining 
on normal ductal epithelial cells, with those same epitheliaalso 
staining positive for CXCR4 and CXCR7(Fig.lA &Fig. 2A). 
CXCL12 chemokine expression was specifically restricted to the 
ductal compartment and absent from acinar and endocrine cells, 
both of which stained for the chemokine receptors CXCR4 and 
CXCR7 (data not shown). Incubation of parallel sections with 
isotype control antibodies confirmedspecificity (Fig. 2 A). We next 
examined expression in pre-malignant pancreatic lesions, known 
as Pan creatic Intra-epithelial Neoplasms (PanlNs) [48-51]. As 
shown in Figure 2C-D, CK19+ PanlNsexpressed both CXCR4 
and CXCR7. By comparison, CXCL12 staining wasmore 
variable, with mixed tomarkedly decreased expression in PanlNs 
compared to normal pancreatic ducts (Fig.2C— D). In a limited 
analysis, no significant differences in CXCL12 expression could be 
detected between PanlNl, PanIN2, and PanIN3 lesions. 

Analysis of PDAC tumor tissue revealeda further, and more 
pronounced,extinction of CXCL12 in CK-19+tumor cells (Fig.lB, 
Fig.2B). In heterogeneous tumor tissue containing both malignant 
and normal glands, CXCL12 staining was diminished in 
malignant cells,butpreserved in adjacent normal ductal cells (data 
not shown). Analysis of serial tissue sectionsrevealed that 
malignant tissue with low levels of CXCL12had a reciprocal 
increase in CXCR4, as well as CXCR7, staining (Fig. IB, Fig. 2B). 
Quantification of the CXCL12, CXCR4, and CXCR7 immuno- 
staining intensity confirmed the significant decrease in CXCL12 
expression during progressionfrom normal to precursor PanIN to 
malignant pancreatic tissue (Fig. 1C). In contrast, CXCR4 
expression was elevated in PanlNsand PDAC compared to normal 
ducts (Fig. 1C). Scoring of CXCR7 expression revealed a biphasic 
pattern with lower expression occurring at the PanIN stage and 
higher expression recurring in PDAC (Fig. 1C). When the patients 
were subdivided into groups dependent on whether or not they 
had received neo-adjuvant therapy, patients receiving standard-of- 
care regimens of gemcitabine or FOLFIRINOX therapy [5 2-5 4] 
had significantly (PS0.05) higher scores for CXCL12 expression 
(0.82 ±0.1 8) compared to patients not receiving neoadjuvant 
therapy (0.43 ±0.09). 
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Figure 3. CXCL12 expression in human pancreatic ductal adenocarcinoma cell lines. RT-PCR analysis revealed that (A) patient-derived 
pancreatic cancer cell lines (#1, #2, #3, #4) or (B) established cell lines lacked expression of CXCL12 and maintained expression of CXCR4. CXCR7 
mRNA was present in 3 of 8 PDAC lines.Flow cytometric detection(C)of surface CXCR4 or CXCR7 protein expression. Cell lines treatedseven days with 
a concentration curve of (D) 5-aza-2-deoxycytidine (5-aza) restored expression of CXCL12.Linestreated 4 days with a concentration curve of (E) 
Trichostatin-A (TSA)restored CXCL12 mRNA expression in Capan2 cells. 
doi:1 0.1 371 /journal.pone.0090400.g003 



CXCL12 expression and epigenetic regulation in 
pancreatic cancer cell lines 

To further characterize chemokine - receptor expression and 
identify an appropriate model for studying the function of 
CXCL12 in PDAC,primary patient-derived and established 
pancreatic cancer cell lines were analyzed through RT-PCR 
using our previously optimized primer sets for CXCL12, CXCR4, 
and CXCR7 [24,43]. RT-PCR indicated consistent lack of 
CXCL12 transcript in patient-derived primary as well as Panel, 
MiaPaCa2, Capan2, and HPAFII ceU lines (Fig.3A-B). In 
agreement with the immunohistochemical analyses, CXCR4 
mRNA was maintained in 7of the 8 PDAC cell lines, while 
CXCR7 expression was more variable (Fig.3A-B). Flow cytometry 
confirmed the cell-surface localization of CXCR4 and CXCR7 on 
representative cell lines (Fig.3C). To ascertain if the lack of 
CXCL12 expression reflected epigenetic silencing, cells were 



treated with titrated doses of the DNA methyltransferase inhibitor 
5-aza. The inhibitor rescued CXCL12mRNA expression in 
representative cell lines (Fig. 3D). Treatment with the hist one 
deacetylase inhibitor Trichostatin-Aalso restored expression of 
CXCL12 in Capan2 cells(Fig. 3E). Based upon our prior 
investigations examining the specific mechanisms of CXCL12 
promoter hypermethylation in colorectal and breast cancers 
[24,25], these data suggest that CXCL12 expression is regulated 
through epigenetic mechanisms in pancreatic cancer as well.- 
Cumulatively, thesedata indicate CXCL12 gene repression in 
human tissueand a battery of new and established PDAC cell 
lines. The MiaPaCa2 cell line was identified as an ideal model, as 
its CXCL12-CXCR4-CXCR7 expression pattern mimics that 
observed in malignant human PDAC tissue. 
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Figure 4. PDAC cells migrate and invade following acute exogenous CXCL1 2 stimulation. (A) Panel and MiaPaCa2 cells migrated towards 
exogenous gradients of CXCL12 in a range from 1 nM to 1000 nM under serum-free conditionsf*), (**), and (***) denote PsO.05, PsO.01, and 
PsO.001, respectively, in comparison to unstimulated cells (NS). Receptor-null HPAFII cells did not migrate in response to CXCL12. (B) CXCL12 directs 
Panel cell chemoinvasion into a three-dimensional Matrigel plug. The positive control (+) was 10% serum-containing medium. (*), (**), and (***) 
denote PsO.05, P<0.01, and PsO.001, respectively, in comparison to unstimulated cells (NS). 
doi:10.1371/journal.pone.0090400.g004 



CXCL12 re-expression in human PDAC cells 
disruptedchemotaxis, increased adhesive potential, and 
decreased hepatic metastasis 

The conventional paradigm for chemokine mediated metastasis 
of cancer cells is that expression of CXCR4 is pro-metastatic. This 
model stems from the ability of exogenous CXCL12 to stimulate 
migration of cancer cells in vitro [13,45,55]. As expected, 
measurement of the native migration potential of several 
CXCL12-deficient pancreatic cell lines revealed that CXCR4- 



expressing PDAC cells migrate towards acute CXCL12 stimula- 
tion (Fig. 4A). Importantly, Panel and MiaPaCa2 cells migrated 
towards CXCL12 in biphasic-concentration dependent manner 
consistent with current understanding of chemotactic migration 
[55,56]. The HPAFII cell line which lacked surface expression of 
either CXCR4 or CXCR7 was unable to migrate in response to 
CXCL12 treatment (Fig. 4A). Panel cellsalso invaded an 
extracellular matrix in response to acute exogenous CXCL12 
stimulation (Fig. 4B). 




Figure 5. Double transfectant Firefly luciferase and GFP- or CXCL1 2-expressing MiaPaCa2 cells. Luciferase levels in control GFP or three 
different (31, #2, #3) CXCL1 2-expressing MiaPaCa2 clones as measured by spectrophotometer (A) or 1VIS-100 biophotonic imager (B). Levels of 
CXCL12 were measured by ELISA (C) in established PDAC cell lines as well as GFP- and CXCL1 2-expressing MiaPaCa2-luciferase clones. (D) CXCL12- 
secreted by transfected MiaPaCa2-luciferase clones #1 and #2 stimulated U937 chemotaxis. Cells treated with neutralizing antibody to CXCL12 
(aL12) confirmed the specificity of U937 chemotaxis. Values in A, C, and D are mean±SEM, n = 2-3. 
doi:1 0.1 371 /journal.pone.0090400.g005 
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Figure 6. Chronic CXCL12 production decreased migrationpotential and increased celhsubstrate adhesion. (A) Transwell migration 
assays revealed significantly reduced chemotaxis of CXCL12-expressing clones (#1 and #2) compared to ligand null (GFP) cells. Attractants were 
serum-free media (--), 10% serum (+), or 10 nM CXCL12 (L12) in serum-free media.($$) and ($$$) denote PsO.01 and PsO.001, respectively, compared 
to 10 nM CXCL12-stimulated GFP cells, n = 5. (B) CXCL12 re-expression diminished TGF-F3 (5 ng/ml_)-induced chemotaxis relative to the CXCL12-null 
cells. (##) denotes P<0.01 compared to TGF-p-stimulated GFP cells, n = 4. (C) & (D) Representative images of experiments in (A) and (B) respectively. 
(E) CXCL12-expressing cells were significantly more adherent to tissue culture plastic compared to CXCL12-null cells. Untreated cells = (--), 
neutralizing antibody for CXCL12 activity = (aL12), and a positive control = 1 ng/mL of EGF (+). (##) denotes PsO.01 compared to 10% serum- 
stimulated control cells. (*), (**), and (***) denote P<0.05, P<0.01 and P<0.001, respectively, compared to unstimulated GFP cells, n = 7. 
doi:10.1371/journal.pone.0090400.g006 



We believe that the pro-metastatic response of PDAC cells is 
due to the silencing of expression of CXCL12. To test this were- 
introduced expression of the chemokine, using doublestable 
plasmid integration, into MiaPaCa2 cells. Cells were first stably 
transfected with firefly-lucifera.se and then transfected with 
additional genes using a second selection reagent. Several 
CXCL12-expressing clones were generated along with a control 
clone transfected with eGFP, each exhibiting equivalents levels of 
luciferase activity (Fig.5A-B). Importantly,lack of chemokine 
production was confirmedby ELISA in Panel, MiaPaCa2, 
Capan2, and HPAFII cell lines (Fig. 5C). Functional chemokine 
production in CXCL12-expressing clones compared to GFP- 
expressing clones to of MiaPaCa2 cells was validated by ELISA 
andtranswell migration of U937 cells (Fig.5C-D).MiaPaCa2 cells 
secreting CXCL12demonstrated a significant reduction in migra- 
tory response to TGF-(5or CXCL12, both known drivers of in vitro 
PDAC cell migration (Fig.6A-D). Given the importance of 
adhesive potential in the metastatic abilities of cancer cells, cell 
adhesion was next measured. CXCL12 positive cells were 
significandy more adherent to tissue culture plasticcompared to 
chemokine null cells (Fig. 6E). These in vitro data indicate that the 
overall malignant potential of pancreatic cancer cells,both in the 
ability of these cells to migrate and evade substrate adhesion, is 
decreased following reintroduction of the CXCL12 transcript into 
PDAC cells. 



We next sought to determine whether the simultaneous 
increased adhesive and decreased migratoryphenotypes in PDAC 
cells would suppressmetastatic spreadm vivo usinga heterotopic 
xenograft mouse model.CXCL12-expressing and CXCL12-null 
cells were injected into the spleen of SCID mice. Over 28 days,m 
vivo tracking of cells indicated that, compared with control cells, 
there was a significant alteration in the ability of CXCL12- 
expressing MiaPaCa2 cells to disseminate away from the initial site 
of inoculation (Fig.7A-B). Ex vivo analysis indicated that lumines- 
cence at the site of splenic inoculation was unchanged, while mice 
injected with PDAC that produce CXCL12had significandy lower 
hepatic tumor burden than mice injected with GFP-control cells 
(Fig.7C-E). These data suggest that CXCL12 specifically alters the 
ability of pancreatic cancer cells to home to the liver, an organ 
with high expression of CXCL12 and a common metastatic 
destination of PDAC patients. 

Concomitant CXCL12, CXCR4 and CXCR7 expression 
decreased tumor cell proliferation and metastasis and 
prolonged survival in a preclinical PDAC model 

Previously, we had observed that re-expression of CXCL12 in 
colorectal cancer cells lead to increased anoikis, detachment based 
apoptosis [24,43]. We tested whether re-introduction of CXCL12 
into PDAC cells would change their apoptotic or proliferative 
potentials. In serum-free conditions,an increase in apoptosis was 
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Figure 7. Decreased liver metastasis of circulating CXCL1 2-expressing PDAC cells. (A) Representative bioluminescence images of mice 
xenografted with GFP- or CXCL1 2-expressing cells at implantation (Day 0) or study endpoint (Day 28). (B) Whole-body in vivo radiance over time of 
GFP- and CXCL12-mice. (C) Ex vivo radiance of excised spleen (C), reflecting tumor cells at the site of injection, or the metastatic destination (D), 
reflecting decreased hepatic metastasis of CXCL1 2-expressing cells relative to GFP-cells. (**) denotes P<0.01, n=4-5. (E) Representative H&E images 
showing pronounced tumor mass in the liver of control (GFP), relative to experimental (CXCL12) xenografted mice. 
doi:1 0.1 371 /journal.pone.0090400.g007 



detected in adherent CXCL1 2-expressing pancreatic cancer cells 
when compared with GFP-expressing controls, though this 
response was attenuated with the addition of serum (Fig. 8A-B). 
Using an established model for studying detachment-induced 
apoptosis, cells were cultured on Poly-HEMA [43]. As with 
adherent cells, apoptosis was increased in non-adherent CXCL12- 
positive PDAC cells compared to controls, but again the addition 
of serum resulted in no change in apoptosis(Fig.SC-D). Cell 
number remained unchanged between non-adherent CXCL 12- 
positive and negative cell populations (Fig. 8C-D). 

Given the minimal change in anoikis-sensitivity in CXCL 12- 
expressing PDAC cells in serum containing conditions, we next 
tested their growth potential. In marked contrast to our data in 
human colorectal or breast cancers [24-26,43], population growth 
of CXCL12 expressing PDAC was significantly decreased 
compared to chemokine deficient cells (Fig.9). Slower growth of 
CXCL1 2-expressing cells was observed in both serum-free and 
serum-containing conditions (Fig.9A— B). Decreased population 
growth was restricted to adherent cells as there was no measurable 
change in the number of cells detected in the supernatant of either 
population (data not shown). Two separate CXCL 1 2-expressing 
clones demonstrated doubling times significantly greater than the 
doubling time observed in GFP-expressing cells (Fig. 9B). 

We hypothesized that the decrease in growth potential from 
forced CXCL 12 expression was due to cell cycle arrest. Using 
propidium iodide staining, we measured a ~50% decrease in the 
percent of CXCL1 2-expressing pancreatic cancer cells in the G2 
phase of cell cycle, compared to GFP-expressing controls (Fig. 9C- 



D). These data, along with the cell counting study, suggest that 
CXCL1 2-expressing cells have decreased proliferation related to 
cell cycle arrest prior to entering the G2phase. 

Finally, the in vivo functional role of CXCL 12 in PDAC 
progression was modeled using an orthotopic xenograft technique. 
As expected, MiaPaCa2 luciferase cells consistently metastasized 
through hematogenous routes, with mice succumbing to meta- 
static tumor burden in a 90 to 140 day window (Figure 10).A 
survival study was conducted whereincontrol GFP or experimental 
CXCL12-secreting cellswere injected directly under the pancreatic 
capsule and tumor progression tracked using bioluminescence 
imaging. Overall, mice injected with CXCL 1 2-expressing cells 
were found to have a significantly increased survival advantage 
compared to control mice (Fig. 10A).While control mice had 
significanttumor burden by day 141, the majority of mice 
implanted with CXCL 1 2-expressing PDACremainedalive, with 
litde to no apparent tumor. The presence of CXCL 12 increased 
survival, with a hazard ratio of 4.9. Weekly tracking measurements 
of total radiance in the animals revealed a significant decrease in 
percent change of tumor burden throughout the course of the 
study (Fig. 1 OB). Over time, mice with tumor cells producing 
CXCL 12 had lower tumor burden when assessed at early, middle, 
and later time points as visualized by bioluminescent imaging at 
days 7, 49, and 98, respectively (Fig.lOC-D). 

Ex vivo analysis confirmed that CXCL 12 expression was a 
significant impediment to PDAC progression. Tumor wet-weight 
was significantly lower in mice with CXCL 12 compared to GFP 
control cells (Fig. 10E). Consistent with the delayed cell-cycle arrest 
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Figure 8. CXCL1 2-positive pancreatic cancer cells have minimal change in adherent apoptosis or anoikis. Apoptosis of GFP and 
CXCL1 2-expressing MiaPaCa2 cells were assessed using the caspase 3/7 glo assay.Cells were starved for 24 hours and cultured in 0% serum (A, C) or 
1% serum (B, D) containing medium. (A-B) Apoptosis in adherent CXCL1 2-expressing cells was elevated compared to either GFP-expressing clones in 
serum-free conditions with no change seen in 1% serum. GFP-cells werestimulated with 100 uM gemcitabine as a control. (C-D) To measure cell 
number and detachment based apoptosis of cells in suspension, MiaPaCa2-luciferase cells were cultured on poly-HEMA. Using the Viacount reagent 
and flow cytometric cell counting, there was no difference in live cell number observed in non-adherent CXCL12-null (GFP) or expressing cells when 
cultured either in 0% (C) or 1% serum (D). Apoptosis of poly-HEMA cultured cells revealed an in increase in active caspase-3/7 restricted to cells 
cultured in serum-free conditions only (C) with no change observed in 1% serum (D). Gemcitabine (GEM) was used as a control for decreased cell 
count and increased apoptosis.(*), (**), and (***) denote P<0.05, P<0.01, and PsO.001 respectively in comparison to control cells (GFP). Values are 
mean±SEM, n = 4-5. 
doi:10.1371/journal.pone.0090400.g008 



observed in vitro, immunohistochemistry revealed that CXCL12, 
CXCR4, and CXCRJ-expressing tumors had decreased focal 
expression of Ki-67 compared with control tumors, indicating 
lower proliferative potential in vivo (Fig. 10F-G). Increased survival 
in mice with CXCL1 2-expressing PDAC was correlated not only 
with decreased primary tumor proliferation but also with the 
pronouncedabsence of tumor metastasis (Fig. 11). Specifically, 
hematogenous metastasis to the liver and lung was significandy 
abrogated (Fig. 11A-C), in addition todecreased lymphatogenous 
metastasis to the mesenteric lymph nodes (Fig. 1 ID). Cumulatively, 
these in vivo data reflect the tumor suppressive potential of 
CXCL12 expression in PDAC cells. 



Discussion 

Our findings demonstrate a seminal role for the homeostatic 
epithelial expression of CXCL12 in suppressing PDAC tumori- 
genesis. The conventional paradigm for chemokine involvement in 
malignancy stems from the correlation between elevated chemo- 
kine receptor levels, in particular CXCR4, and increased 
migration in cell culture [17]. The initial model suggested that 
cancer cells hijack CXCR4, allowing the malignant cell to follow 
endocrine gradients of ligand produced by distant tissues [38]. 
Subsequently, our work in both colorectal and breast cancer has 
shifted the perspective on the role of the CXCL12-CXCR4 axisin 
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Figure 9. CXCL12 expression results in decreased proliferation of PDAC cells. Population growth of adherent GFP and CXCL12-expressing 
MiaPaCa2 cells was assessed using the Viacount reagent and flow cytometric cell counting (A-B). CXCL12-expressing cells starved for 24 hours and 
cultured in both 0% serum (A) or 1% serum (B) containing medium were found to have decreased population growth.(B) Two CXCL12-expressing 
clones (#1, #2) were compared to GFP alone or GFP + gemcitabine (GEM) controls in 1% serum containing medium. Doubling time of adherent 
clones (T 2 ) was calculated using a linear regression of the data to determine slope and the intercept at y = 10 6 , with increased T 2 observed in both 
CXCL12-expressing clones. (C-D) Propidium Iodide cell cycle analysis revealed a decrease in percentage of cells in the G 2 phase in CXCL12-expressing 
cells compared to GFP controls. (*), (**), and (***) denote P<0.05, PsO.01, and PsO.001 respectively in comparison to control cells (GFP). Values are 
mean±SEM, n = 4-5. 
doi:1 0.1 371 /journal.pone.0090400.g009 



metastasis. We first established that autocrine expression of 
CXCL12 in normal intestinal and breast epithelial cells is 
epigenetically down-regulated by hypermethylation of the pro- 
moter region of its gene [24,25] .Retention of CXCR4 expression 
in CXCL12 silenced colorectal or breast cancer cells resulted in 
increased metastatic potential. With over 75% of patients diag- 
nosed with either local or distant metastasis [57],PDACis a highly 
aggressive form of cancer in need of more effective therapies. 
Although CXCR4 expression has been previously correlated with 
human PDAC, we show here that human PDAC malignancy is 
halted following re-expression of its cognate ligand CXCL12. Spe- 
cifically, CXCL12 interrupted both primary tumor growth, 
through cell-cycle arrest, and cancer cell metastasis, leading to 
increased overall survival in diseased animals. These inhibitory 
mechanisms are distinct from those we defined in colorectal or 
mammary carcinoma and suggest CXCL12 is a tumor suppressive 
cellular brake limiting PDAC malignancy. 

Work from our laboratory was among the first to show a 
beneficial preclinical effect of autocrine CXCL12 on carcinoma 
malignancy [24—26,43,56]. Autocrine CXCL12 has similar pre- 
clinical effects in lung cancer progression [28] andhas been 
correlated with positive clinical outcomes in patients with 
osteosarcoma or breast cancers [31,34]. In human colon 
carcinoma cells we determined that re-expression of CXCL12 
restored sensitivity to detachment-induced apoptosis, a key 
molecular brake preventing dissemination of cancer cells [26,43]. 
In contrast, in breast cancer we found that while autocrine 



CXCL12 decreased hematogenous spread of tumor cells, it also 
increased proliferation of the primary mammary fat-pad-engrafted 
tumor [25]. Shown here, human pancreatic cancer cells were 
strikingly different from colon and breast cancer in that re- 
introduction of autocrine CXCL12 expression decreased the 
growth and migration potential in vitro, while concomitandy 
decreasing growth and metastasis of PDAC cells in vivo.ln contrast, 
there was minimal change in anoikis-sensitivity of CXCL12- 
expressing PDAC cells. Thus, CXCL12 appears to be broadly 
effective in limiting cancer progression, invasion, and metastasis 
and this benefit resultsfrom cell-type specific mechanisms. The 
tumor suppressive properties of CXCL12 may be translatable to 
the clinic as we have shown that administration of the 
recombinant protein provides an equally strong survival benefit 
in a preclinical colon cancer model [56] . 

Our study is the first to comprehensively study the expression of 
CXCL12, CXCR4, and CXCR7, a newly characterized member 
of the signaling axis, in normal and malignant pancreatic tissue. 
Congruent with its near ubiquitous organ expression [58], we 
found strong expression of CXCL12in normal pancreatic tissue, 
localized largelyto ductal epithelial cells. By contrast, CXCR4 and 
CXCR7 were evident in exocrine ducts, acini, and endocrine 
islets. Further, there was mixed expression of CXCL12, CXCR4 
and CXCR7 in PanIN precursor lesions. These results suggest 
potential roles for CXCL12 and it receptors CXCR4 and CXCR7 
in normal physiology. The exclusive expression of CXCL12 in 
normal pancreatic ductal epithelial cells, relative to acinar cells or 
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Figure 10. Autocrine CXCL12 delayed primary tumor growth and increased survival in an in vivo orthotopic pancreatic cancer 
model. (A) Kaplan-Meier survival curves for GFP- and CXCL12-expressing cell groups. Three experimental CXCL12 PDAC injected mice were removed 
for non-study reasons (tick marks). (B) Percent change in bioluminescence from baseline-level measured at day 7 for both GFP and CXCL12 engrafted 
mice. Dotted lines represent individual mice. Solid lines are quadratic regression fitted curves of each group. Statistical comparison was done 
between both groups independent of time. (C-D) Representative bioluminescence images of mice from each groupat days 7, 49, and endpoint for 
GFP (98) or CXCL12 (106). (E) Tumor wet weight was significantly reduced in CXCL12-expressing tumors relative GFP-tumors. Representative 
photomicrographs are shown in lower panels. (F) CXCL12-producing tumors had significantly fewer Ki-67 positive cells compared to GFP-expressing 
tumors, as counted in a cross-section of each tumor normalized to the total cross-sectional area of each tumor. (G) Representative images of Ki- 
67immunostaining and rabbit isotype control (inset, Rab IgG) are shown.n = 8-10. (**) and (***) denote PsO.01 and PsO.001 respectively, between 
CXCL12-expressing and control xenografted mice. 
doi:1 0.1 371 /journal.pone.0090400.g010 



endocrine islets, suggests the ligand may have homeostatic 
contributions to the exocrine pancreas. Further explorations into 
their physiologic roles in the pancreas, however, are hindered by 
embryonic lethality of CXCL12, CXCR4 and CXCR7 knockout 
mice [59-62]. Likewise, there is no established normal human 
pancreatic epithelial ductal cell line available for mechanistic 
studies in vitro. 

CXCL12 expression was markedly absent, and CXCR4 and 
CXCR7 expression were more pronounced in human PDAC 
tumor cells. These data, usingour well-established technique for 
analyzing chemokine expression [24,25], settles conflicting results 
between two previous studies, one that reported CXCL12 was 
over-expressed in human PDAC [35] and the other that showed 
that CXCL12 was absent in human PDAC tumor cells 
[36] .Bothreports, however, were limited to malignant tissue and 
did not include the normal or benign tissue controls analyzed 
herein. Ourimmunostaining approach allowed for the discrimina- 
tion betweenCXCL12, CXCR4, and CXCR7 expression levels- 
within adenocarcinoma, tumor-associated fibroblasts, endotheli- 



um, and normal ducts and revealed a pronounced decrease in 
chemokine within the malignant ductal cell. Moreover, the 
histopathological decrease in CXCL12 observed in the tissues 
was recapitulated at the mRNA and protein level in several 
primary patient-derived as well as established PDAC cell lines. In 
their prior report,Liang and colleagues [35] used an immuno- 
staining amplification kit to report elevated levels of CXCL12 in 
human pancreas cancer. Given the use of identical antibodies in 
both Liang and our studies, the resulting differences likely reflect 
the differing immunohistochemical staining procedures, in which 
the amplification kit likely overwhelmed detection limits for the 
constitutively produced and secreted CXCL12 protein. We 
additionally noted that CXCL12 expression appeared higher in 
tumor tissue from patients that had received neo-adjuvant therapy, 
a therapeutic regimen that improves survival in PDAC patients 
undergoing surgical resection [52-54]. It is tempting to speculate 
that the increase in CXCL12 expression reflects a direct effect of 
the gemcitabine and/or FOLFIRINOX treatment regimens. 
However, the effect of those drugs on CXCL12 transcript or 
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Figure 11. Distant metastasis in an orthotopic xenograft model of pancreatic cancer. Ex vivo bioluminescence analysis revealed 
significantly decreased metastasis to the liver (A), lung (C), and mesenteric lymph nodes (D) of CXCL12-expressing cells compared to GFP-controls. 
Representative biophotonic images of hepatic metastases are shown in panel B. (**) and (***) denote statistically significant P<0.01 and PsO.001, 
respectively, differences between CXCL12-expressing and control tumor engrafted mice. n = 8-10 mice in each group. 
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protein expression was not directly assessed. Alternatively, the 
neoadjuvant treatment preferentially kills tumor cells lacking 
CXCL12, resulting in the observed increase in chemokine ligand 
expression. Our data support that of Zhong et al., and indicate that 
CXCL12 expression is pathologically diminished in human 
pancreatic cancer compared to healthy human pancreatic 
exocrine ductal epithelium. 

Our work is the first to demonstrate that pancreatic cancer cells, 
like numerous other cell types, migrate towards exogenous sources 
of chemokine in a biphasic-concentration dependent manner 
[55,56,63]. As has been shown in previous in vitro experiments, 
exogenously administered concentrations of CXCL12 close to 
10 nM stimulate chemotactic migration of cells through the 
monomeric form of the chemokine, while higher doses close 1 00 
or 1000 nM lead to cytostasis through the predominant dimeric 
form of the chemokine. Endogenous or autocrine CXCL12 
expression disrupted the ability of pancreatic cancer cells to 
migrate and home to distant sites of metastasis. Intriguingly, 
CXCL12 also altered non-migratory functions of pancreatic 
cancer cells, with stable re-expression of the liganddecreasing 
population growth via cell-cycle arrest in vitro and correspondingly 
smaller tumor xenografts with decreased proliferation markers in 
vivo. Importandy, re-introduction of CXCL12 resulted in a marked 



improvement in survival of tumor-bearing mice. The hazard ratio 
from the survival study was 4.9, reflecting the powerful effect 
CXCL12 expression imposed on altering the rate of tumor- 
induced mortality. These results in pancreatic cells suggest a tissue 
specific, tumor-suppressive role for CXCL12 that is adaptive to 
the unique programming of particular organs. Our data suggest 
that CXCL12 plays an integral role in the tumor progression 
which characterizes PDAC. In total, our studies reveal novel 
aspects of CXCL12 function in cancer biology and identify this 
gene as a multifunctional tumor suppressor that affects both 
PDAC growth and metastasis. 

Acknowledgments 

We thank Jenny Grewal and Qing Lai for expert technical assistance and 
appreciate Dr. Michael Wendt's (Purdue University) critical evaluation of 
the manuscript. 

Author Contributions 

Conceived and designed the experiments: IR MBD. Performed the 
experiments: IR NPZ ACM. Analyzed the data: IR ACM DBE MBD. 
Contributed reagents/materials/analysis tools: ACM ST MBD. Wrote the 
paper: IR ACM DBE MBD. 



References 

1. Koorstra JB, Hustinx SR, Offerhaus GJ, Maitra A. (2008) Pancreatic 
carcinogenesis. Pancreatology 8: 110-125. 

2. Maitra A, Hruban RH. (2008) Pancreatic cancer. Annu Rev Pathol 3: 157-188. 

3. Hidalgo M. (2010) Pancreatic cancer. N EnglJ Med 362: 1605-1617. 

4. Haeno H, Gonen M, Davis M, Herman J, Iacobuzio-Donahuc G, et al. (2012) 
Computational modeling of pancreatic cancer reveals kinetics of metastasis 
suggesting optimum treatment strategies. Cell 148: 362—375. 

5. Jones S, Zhang X, Parsons DW, LinJG Lcary RJ, et al. (2008) Core signaling 
pathways in human pancreatic cancers revealed by global genomic analyses. 
Science 321: 1801-1806. 

6. Hingorani SR, Wang L, Multani AS, Combs C, Dcramaudt TB, et al. (2005) 
Trp53R172H and KrasG12D cooperate to promote chromosomal instability 
and widely metastatic pancreatic ductal adenocarcinoma in mice. Cancer Cell 7: 
469-483. 



7. Pasca di Magliano M, Sekine S, Ermilov A, Ferris J, Dlugosz AA, et al. (2006) 
Hedgehog/ ra,s interactions regulate early stages of pancreatic cancer. Genes & 
Development 20: 3161-3173. 

8. Abul K. Abbas, Andrew H. Lichtman. (2010) Basic immunology: Functions and 
disorders of the immune system. : Saunders/Elsevier, 2010. 312 pages p. 

9. Raman D, Baughcr PJ, Thu YM, Richmond A. (2007) Role of chemokines in 
tumor growth. Cancer Lett 256: 137-165. 

10. Tcichcr BA, Frickcr SP. (2010) GXCL12 (SDF-1)/CXGR4 pathway in cancer. 
Clin Cancer Res 16: 2927-2931. 

1 1 . Heidemann J, Ogawa H, Raliee P, Lugcring N, Maaser C, et al. (2004) Mucosal 
angiogenesis regulation by CXCR4 and its ligand CXCL12 expressed by human 
intestinal microvascular endothelial cells. Am J Physiol Gastrointest Liver 
Physiol 286: G 1059-68. 

12. Dwinell MB, Ogawa H, Barrett KE, KagnofF MF. (2004) SDF-1/CXCL12 
regulates cAMP production and ion transport in intestinal epithelial cells via 
CXCR4. Am J Physiol Gastrointest Liver Physiol 286: G844-50. 



PLOS ONE | www.plosone.org 



12 



March 2014 | Volume 9 | Issue 3 | e90400 



CXCL12 Is a Multifunctional Tumor Suppressor 



13. Smith JM, Johanesen PA, Wendt MK, Binion DC, Dwincll MB. (2005) 
CXCL12 activation of CXCR4 regulates mucosal host defense through 
stimulation of epithelial cell migration and promotion of intestinal barrier 
integrity. Am J Physiol Gastrointest Liver Physiol 288: G3 16-26. 

14. Zimmerman NP, Vongsa RA, Faherty SL, Salzman NH, Dwinell MB. (2011) 
Targeted intestinal epithelial deletion of the chemokine receptor GXCR4 reveals 
important roles for extracellular-regulated kinase- 1/2 in restitution. Lab Invest 
91: 1040-1055. 

15. Dwinell MB, Johanesen PA, Smith JM. (2003) Immunobiology of epithelial 
chemokincs in the intestinal mucosa. Surgery 133: 601—607. 

16. Hwang S, Zimmerman NP, Aglc KA, Turner JR, Kumar SN, et al. (2012) E- 
cadherin is critical for collective sheet migration and is regulated by the 
chemokine GXCL12 protein during restitution. Journal of Biological Chemistry 
287: 22227-22240. 

17. Mullcr A, Homey B, Soto H, Ge N, Catron D, et al. (2001) Involvement of 
chemokine receptors in breast cancer metastasis. Nature 410: 50-56. 

18. Arya M, Patel HRH, Williamson M. (2003) Chemokines: Key players in cancer. 
Curr Med Res Opin 19: 557-564. 

19. Zlotnik A. (2004) Chemokines in neoplastic progression. Semin Cancer Biol 14: 
181-185. 

20. Zlotnik A. (2006) Chemokines and cancer. Int J Cancer 1 19: 2026-2029. 

2 1 . Cabioglu N, Gong Y, Islam R, Broglio KR, Sneige N, et al. (2007) Expression of 
growth factor and chemokine receptors: New insights in the biology of 
inflammatory breast cancer. Ann Oncol 18: 1021—1029. 

22- Zlotnik A. (2008) New insights on the role of CXCR4 in cancer metastasis. 
J Pathol 215: 211-213. 

23. Zeelenberg IS, Ruuls-Van Stalle L, Roos E. (2003) The chemokine receptor 
CXCR4 is required for outgrowth of colon carcinoma micrometastases. Cancer 
Research 63: 3833-3839. 

24. Wendt MK, Johanesen PA, Kang-Decker N, Binion DG, Shah V, et al. (2006) 
Silencing of epithelial CXCL12 expression by DNA hypermethylation promotes 
colonic carcinoma metastasis. Oncogene 25: 4986-4997. 

25. Wendt MK, Cooper AN, Dwinell MB. (2008) Epigenetic silencing of CXCL12 
increases the metastatic potential of mammary carcinoma cells. Oncogene 27: 
1461-1471. 

26. Wendt MK, Drury LJ, Vongsa RA, Dwinell MB. (2008) Constitutive CXCL12 
expression induces anoikis in colorectal carcinoma cells. Gastroenterology 135: 
508-517. 

27. Hassan S, Ferrario C, Saragovi U, Quenneville L, Gaboury L, et al. (2009) The 
influence of tumor-host interactions in the stromal cell-derived factor- 1/CXCR4 
ligand/ receptor axis in determining metastatic risk in breast cancer. Am J Pathol 
175: 66-73. 

28. Tessema M, Khnge DM, Yinglmg CM, Do K, Van Neste L, et al. (2010) Re- 
expression of GXCL14, a common target for epigenetic silencing in lung cancer, 
induces tumor necrosis. Oncogene 29: 5159-5170. 

29. Clatot F, Picquenot J, Choussy O, Gouerant S, Moldovan C, et al. (2011) 
Intratumoural level of SDF-1 correlates with survival in head and neck 
squamous cell carcinoma. Oral Oncol 47: 1062-1068. 

30. Zhi Y, Chen J, Zhang S, Chang X, Ma J, et al. (2012) Down-regulation of 
CXCL12 by DNA hypermethylation and its involvement in gastric cancer 
metastatic progression. Dig Dis Sci 57: 650—659. 

31. Baumhoer D, Smida J, Zillmer S, Rosemann M, Atkinson MJ, et al. (2012) 
Strong expression of CXCL12 is associated with a favorable outcome in 
osteosarcoma. Mod Pathol 25: 522-528. 

32. Ramos E, Camargo A, Braun K, Slowik R, Cavalli I, et al. (2010) Simultaneous 
CXCL12 and ESR1 CpG island hypermethylation correlates with poor 
prognosis in sporadic breast cancer. BMC Cancer 10: 23. 

33. Kobayashi T, Tsuda H, Moriya T, Yamasaki T, KJkuchi R, et al. (2010) 
Expression pattern of stromal cell-derived factor- 1 chemokine in invasive breast 
cancer is correlated with estrogen receptor status and patient prognosis. Breast 
Cancer Res Treat 123: 733-745. 

34. Mirisola V, Zuccarino A, Bachmeier BE, Sormani MP, Falter J, et al. (2009) 
CXCL12/SDF1 expression by breast cancers is an independent prognostic 
marker of disease-free and overall survival. Eur J Cancer 45: 2579-2587. 

35. LiangJJ, Zhu S, Bruggeman R, Zaino RJ, Evans DB, et al. (2010) High levels of 
expression of human stromal Cell-Derived factor- 1 are associated with worse 
prognosis in patients with stage II pancreatic ductal adenocarcinoma. Cancer 
Epidemiology Biomarkers & Prevention 19: 2598—2604. 

36. Zhong W, Chen W, Zhang D, Sun J, Li Y, et al. (2012) CXCL 1 2/ CXCR4 axis 
plays pivotal roles in the organ-specific metastasis of pancreatic adenocarcinoma: 
A clinical study. Exp Ther Med 4: 363—369. 

37. Zlotnik A. (2006) Involvement of chemokine receptors in organ-specific 
metastasis. Contrib Microbiol 13: 191-199. 

38. Burger JA, Kipps TJ. (2006) CXCR4: A key receptor in the crosstalk between 
tumor cells and their microenvironment. Blood 107: 1761-1767. 



39. Cui K, Zhao W, Wang C, Wang A, Zhang B, et al. (2010) The CXGR4- 
CXGL12 pathway f acilitates the progression of pancreatic cancer via induction 
of angiogenesis and lymphangiogenesis. J Surg Res. 

40. Marchesi F, Monti P, Leone BE, Zerbi A, Vecchi A, et al. (2004) Increased 
survival, proliferation, and migration in metastatic human pancreatic tumor cells 
expressing functional CXCR4. Cancer Res 64: 8420-8427. 

41. Billadeau DD, Chatterjee S, Bramati P, Srcekumar R, Shah V, et al. (2006) 
Characterization of the CXCR4 signaling in pancreatic cancer cells. 
Int J Gastrointest Cancer 37: 1 10-1 19. 

42. Koshiba T, Hosotani R, Miyamoto Y, Ida J, Tsuji S, et al. (2000) Expression of 
stromal cell-derived factor 1 and CXCR4 ligand receptor system in pancreatic 
cancer: A possible role for tumor progression. Clin Cancer Res 6: 3530-3535. 

43. Drury LJ, Wendt MK, Dwinell MB. (2010) CXCL 12 chemokine expression and 
secretion regulates colorectal carcinoma cell anoikis through bim-mcdiatcd 
intrinsic apoptosis. PLoS One 5: cl2895. 

44. Adams EJ, Green JA, Clark AH, YoungsonJH. (1999) Comparison of different 
scoring systems for immunohistochemical staining. J Clin Pathol 52: 75-77. 

45. Drury LJ, Ziarek JJ, Gravel S, Veldkamp CT, Takekoshi T, et al. (2011) 
Monomeric and dimcric CXCL 12 inhibit metastasis through distinct CXCR4 
interactions and signaling pathways. Proc Natl Acad Sci USA 108: 17655— 
17660. 

46. SpicerJD, McDonald B, Cools-Lartigue JJ, Chow SC, Gianmas B, et al. (2012) 
Neutrophils promote liver metastasis via mac- 1 -Mediated interactions with 
circulating tumor cells. Cancer Research 72: 3919-3927. 

47. Kim MP, Evans DB, Wang H, Abbruzzese JL, Fleming JB, et al. (2009) 
Generation of orthotopic and heterotopic human pancreatic cancer xenografts 
in immunodeficient mice. Nat Protoc 4: 1670—1680. 

48. Hruban RH, Iacobuzio-Donahue C, Wilentz RE, Goggins M, Kern SE. (2001) 
Molecular pathology of pancreatic cancer. Cancer J 7: 251—258. 

49. Hruban RH, Takaori K, Klimstra DS, Adsay NV, Albores-Saavedra J, et al. 
(2004) An illustrated consensus on the classification of pancreatic intraepithelial 
neoplasia and intraductal papillary mucinous neoplasms. Am J Surg Pathol 28: 
977-987. 

50. Hruban RH, Wilentz RE, Maitra A. (2005) Identification and analysis of 
precursors to invasive pancreatic cancer. Methods Mol Med 103: 1-13. 

51. Maitra A, Fukushima N, Takaori K, Hruban RH. (2005) Precursors to invasive 
pancreatic cancer. Adv Anat Pathol 12: 81-91. 

52. Katz MHG, Pisters PWT, Evans DB, Sun CC, Lee JE, et al. (2008) Borderline 
resectable pancreatic cancer: The importance of this emerging stage of disease. 
J Am Coll Surg 206: 833-846. 

53. Satoi S, Toyokawa H, Yanagimoto H, Yamamoto T, Kamata M, et al. (2012) 
Neo-adjuvant chemoradiation therapy using S-l followed by surgical resection 
in patients with pancreatic cancer. Journal of Gastrointestinal Surgery 16: 784- 
792. 

54. Gillen S, Schuster T, Meyer zB, Fness H, Kleeff J. (2010) Preoperative/ 
neoadjuvant therapy in pancreatic cancer: A systematic review and meta- 
analysis of response and resection percentages. PLoS Med 7: el000267. 

55. Veldkamp CT, Peterson FC, Pelzek AJ, Volkman BF. (2005) The monomcr- 
dimer equilibrium of stromal cell-derived factor- 1 (CXCL 12) is altered by pH, 
phosphate, sulfate, and heparin. Protein Sci 14: 1071—1081. 

56. Drury LJ, Ziarek JJ, Gravel S, Veldkamp CT, Takekoshi T, et al. (2011) 
Monomeric and dimcric CXCL 12 inhibit metastasis through distinct CXGR4 
interactions and signaling pathways. Proc Natl Acad Sci USA 108: 17655- 
17660. 

57. SiegelR, Naishadham DJemal A. (2012) Cancer statistics, 2012. CA: A Cancer 
Journal for Clinicians 62: 10-29. 

58. Shirozu M, Nakano T, Inazawa J, Tashiro K, Tada H, et al. (1995) Structure 
and chromosomal localization of the human stromal cell-derived factor 1 (SDF1) 
gene. Genomics 28: 495-500. 

59. Tachibana K, Hirota S, Iizasa H, Yoshida H, Kawabata K, et al. (1998) The 
chemokine receptor CXCR4 is essential for vascularization of the gastrointes- 
tinal tract. Nature 393: 591-594. 

60. Zou Y, Kottmann AH, Kuroda M, Taniuchi I, Littman DR. (1998) Function of 
the chemokine receptor CXCR4 in haematopoiesis and in cerebellar 
development. Nature 393: 595-599. 

61. Burns JM, Summers BC, Wang Y, Melikian A, Berahovich R, et al. (2006) A 
novel chemokine receptor for SDF-1 and I-TAC involved in cell survival, cell 
adhesion, and tumor development. J Exp Med 203: 2201-2213. 

62. Nagasawa T, Hirota S, Tachibana K, Takakura N, Nishikawa S, et al. (1996) 
Defects of B-cell lymphopoiesis and bone-marrow myelopoiesis in mice lacking 
the CXC chemokine PBSF/SDF-1. Nature 382: 635-638. 

63. Veldkamp CT, Ziarek JJ, SuJ, Basnet H, Lennertz R, et al. (2009) Monomeric 
structure of the cardioprotective chemokine SDF-1/CXCL12. Protein Sci 18: 
1359-1369. 



PLOS ONE | www.plosone.org 



13 



March 2014 | Volume 9 | Issue 3 | e90400 



